Materials and Instruments
All reagents and chemicals were purchased commercially and used directly without further purification unless otherwise stated. Anhydrous toluene was distilled from Na/benzophenone under argon flow. The donor polymer PTB7-Th (M w : 180 KDa, PDI: 2.5) and PFN-Br were purchased from 1-MATERIAL INC.. ITIC-Th and IEICO-4F were purchased from VIZUCHEM INC..
Polymer molecular weight was characterized using a high-temperature gel permeation chromatography (GPC, Agilent PL-GPC220) at 150 °C with 1,2,4-trichlorobenzene as the eluent and polystyrenes as the standards. UV-vis absorption spectra of polymer solutions and films and temperature-dependent UV-vis absorption spectra of polymer solutions at various temperatures were collected on the Perkin Elmer Lambda 950 UV/VIS/NIR Spectrometer. Cyclic voltammetry measurements were carried out under argon using a CHI760 Voltammetry Workstation with a N 2 -saturated tetra(n-butyl)ammonium hexafluorophosphate (Bu 4 NPF 6 , 0.1 M) solution in acetonitrile (CH 3 CN) as the supporting electrolyte. A platinum disk working electrode, a platinum wire counter electrode, and a silver wire reference electrode were employed, and the ferrocene/ferrocenium (Fc/Fc + ) redox couple was used as the reference for all measurements with a scanning rate of 50 mV s -1 . The electrochemical onsets were determined at the position the current started to alter from the baseline. The HOMO in electron volts was determined from the onset of the oxidation potential (E ox ), according to the following equation: HOMO= - [4. 8+e(E ox -E Fc/Fc+ )]. Thermogravimetric analysis (TGA) of polymers was carried out with a METTLER TOLEDO (TGA 1 STAR e System) apparatus at a heating ramp of 10 °C min -1 under N 2 atmosphere. Differential scanning calorimetry (DSC) curves were recorded on METTLER STAR e with a heating ramp of 10 ºC min -1 in N 2 . Room temperature photoluminescence (PL) was recorded by Spectrofluorometer (FS5, Edinburgh instruments). The external quantum efficiency (EQE) spectra of solar cells were recorded by a QE-R3011 measurement system (Enli Technology, Inc.). Atomic force microscopy (AFM) measurements of blend films were conducted using a Dimension Icon Scanning Probe Microscope (Asylum Research, MFP-3D-Stand Alone) in the Pico Center at SUSTech under the tapping mode. Transmission electron microscopy (TEM) specimens were prepared following the identical conditions as the actual devices upon a 30 nm PEDOT:PSS covered substrate. After drying, the substrates were transferred to deionized water and the floated films were transferred onto TEM grids. TEM images were obtained on TEM Tecnai F30 (300 kV) in the Pico Center at SUSTech. Two-dimensional grazing incident wide angle X-ray scattering (2D-GIWAXS) measurements were performed at the PLS-II 9A U-SAXS beam line of Pohang Accelerator Laboratory, Korea.
Synthesis of monomers and polymers
Scheme S1. Synthetic routes to the FE-T monomers.
To a solution of compound 1 (1.5 g, 9.37 mmol) in CHCl 3 was added Br 2 (2.0 mL, 37.5 mmol, 4.0 eq) and a catalytic amount of FeCl 3 . The reaction mixture was then heated to 60 °C and stirred at this temperature for 3 h. After cooled to room temperature, the reaction mixture was poured into H 2 O and extracted with CHCl 3 three times. The combined organic layer was dried over anhydrous Na 2 SO 4 and then filtrated. The organic solution was concentrated under reduced pressure and the residue was purified by column chromatography on silica gel using CHCl 3 as the eluent to give the monomer FE-T1. 1 To a solution of compound FE-T1 (1.0 g, 3.2 mmol) and propan-1-ol or dodecan-1-ol (12.6 mmol, 4 eq) in toluene (50 mL) was added TiO(acac) 2 (3.3 g, 12.6 mmol, 4.0 eq). The reaction mixture was then heated to 110 °C and stirred at this temperature for 12 h. After cooled to room temperature, the reaction mixture was poured into H 2 O and extracted with CHCl 3 three times. The combined organic layer was dried over anhydrous Na 2 SO 4 and then filtrated. The organic solution was concentrated under reduced pressure and the residue was purified by column chromatography on silica gel using CHCl 3 as the eluent to give the monomer FE-T2 and FE-T3. FE-T2: 1 Microwave-assisted polymerization: To a 25 mL reaction tube equipped with a stir bar, a distannylated monomer, BDT (0.5 mmol), dibrominated monomer, FE-T (158 mg, 0.5 mmol), PP2(dba) 3 (6.85 mg, 0.0075 mmol), P(o-tolyl) 3 (18.25 mg, 0.012 mmol), and toluene (10 mL) were added. The tube was purged with argon and sealed. The reaction tube was then set into a microwave reactor and heated at 140 °C for 5 h.
After cooling to room temperature, the reaction mixture was dripped into 80 mL methanol containing HCl under vigorous stirring and stirred for 1 h. Then the precipitated solid was filtered through a thimble and subjected to sequential Soxhlet extraction with methanol, hexane, and dichloromethane as solvents to remove impurities and low-molecular-weight fractions. The residue was extracted with chloroform as the final solvent and the chloroform solution was concentrated to ~20 mL and precipitated by dropping into 100 mL methanol. Then, the precipitate was dried in vacuo to yield the product polymer as a dark blue solid.
Elemental analysis calcd (%) for P1 (C40H43FO2S5): C= 65.36%, H= 5.90%. Found: C= 65.32%, H= 6.00%.
Elemental analysis calcd (%) for P2 (C42H47FO2S5): C= 66.10%, H= 6.21%. Found: C= 66.00%, H= 6.20%.
Elemental analysis calcd (%) for P3 (C45.6H48F2.8O2S5.6): C= 68.88%, H= 7.37%.
Found: C= 68.80%, H= 7.30%. Figure S1. TGA analysis (heating ramp: 10 ºC min -1 ) of polymers P1, P2 and P3. ODT (volume) as the processing solvent; D:A= 1:1.5, 10 mg/mL for donor; 100 ℃ thermal-annealing for 5 min. 
Optimizing process of optoelectronic property

Optoelectronic performance of binary NF-OSCs
To investigate the molecular conformations and electronic structure, density functional theory (DFT) calculations were performed at ꞷB97X-D/6-31G(d,p) level of theory using Gaussian 16 A.03 program. As shown in Figure S11(a) , compared with the monomer of PTB7-Th, both of the two possible regioselective linkage of repeated unit of P1 was found in more planar structure, which could be attributed to intramolecular non-covalent O···S, F···S and F···O interaction and smaller steric hindrance after releasing the thiophene unit connecting to the backbone. Elimination of the thiophene can also effectively lower down the energy level of frontier molecular orbital, which would contribute to larger open-circuit voltage. Theoretical calculation based on trimers suggests that the HOMO energy level of P1 was lower than that of PTB7-Th by 0.23 eV. Furthermore, as presented in Figure S11(b 
